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INTRODUCTION
At low temperature and in the hygroscopic range of wood (moisture content lower than the fiber saturation point), the transfer of water existing in the form of water vapor and bound (or adsorbed) water is mainly done by diffusion. The convective fluxes due to total pressure differences are generally negligible in the absence of a temperature gradient. In the presence of a moisture gradient, the water transfer is carried out by diffusion in the aforementioned two forms. We have shown (Mouchot and Zoulalian 2003) that it is possible to experimentally attain in an indirect way the apparent diffusivity of water vapor and thereafter, in a direct way the apparent diffusivity of bound water. In steady-state, it is consistent to admit that locally water vapor and bound water are in thermodynamic equilibrium. However wood, whatever the species are, being anisotropic, the diffusivities in the three orthotropic directions are different because they depend on the morphology of the species. The fluxes of diffusive transfers are consequently dissimilar, for both vapor and bound water. In a given direction, the comparison between these two fluxes allows to specify the predominant transfer mechanism.
The aim of this publication is a quantification of diffusive transfers of water vapor and bound water for samples of two local species (beech and spruce) in the three orthotropic directions.
Before presenting and discussing our obtained results, we remind briefly the experimental methodology employed to reach the apparent diffusivities of water vapor and bound water in a wood Universidad del Bío -Bío sample. For more details on the methodology, the Proceedings of the sixth French-Canadian Symposium could be consulted (Mouchot and Zoulalian 2003) .
MATERIALS AND METHODS
The measurements were done on beech (Fatus Sylvatica) and spruce ( Picea Sp. )samples in the form of circular disks with a diameter close to 70 mm and with variable thicknesses in the diffusion transfer direction between 9 and 30 mm ( Table 1) .
The values of the diffusivities were obtained by an indirect way; we determined first the apparent diffusivity of a non-adsorbent gaseous solute. The measurements were done in a Wicke and Kallenbach diffusion cell (Figure 1 ), made up of two compartments between which is the wood sample. The cell can work in batch or open system, depending on the value of the transferred flow in comparison with the flow supplying the two compartments. In an open system the two cells are fed simultaneously by two different gas flows (nitrogen and helium). More precisely, if the transfer flow is low, the cell runs in batch system. On the other hand, if the magnitude of the transferred flow is similar to the supplying flows, the cell runs in open system. For beech and spruce samples, the determination of the diffusivity in the axial direction is made in open system. On the other hand, the evolution of the cell in the batch system is necessary for the determination of the diffusivities in the radial and tangential directions. The diffusivities of the non-adsorbent solute are obtained by using the binary system nitrogen-helium, the gaseous solute analyzed being helium. Knowing the apparent diffusivity of the inert solute (DI), the diffusion of water vapor is obtained by writing that the apparent diffusivity is proportional to the real diffusion coefficient, the proportionality coefficient depending only on the geometry and on the structure of the porous medium. Limiting us to the homogeneous model of a porous medium, the apparent diffusivity of the inert solute is linked to the diffusion coefficient of the solute in the gaseous phase by the relation :
where ε is the porosity of the porous medium τ is the tortuosity factor of the porous medium D I is the molecular diffusion coefficient of the inert solute (Fick's or Knudsen's diffusion coefficient depending on the mean dimension of pores in the porous medium).
The structural parameters ε and τ being independent of the nature of the solute, the apparent diffusivity of water vapor is binding to that of the non-adsorbed solute by the relation : D I and D V are the diffusion coefficients in the gaseous phase of the inert and of water vapor assessed for geometrical conditions of the porous medium (Fick's diffusion, Knudsen's diffusion, mixed diffusion depending on the pore diameters distribution in the porous medium).
The measurements of bound water diffusivity are done in a vapometer (Perré et al. 1996 ; Perré 1996) simplified in figure 2. It is made of three main elements : -A container in which a salt-water solution is as far as we know, at a chosen temperature, the vapor pressure of the solute is in thermodynamic equilibrium.
-A water-tight device allowing to limit the solute transfer in the porous medium is placed on the upper part of the container.
-A cell in which the container with the porous sample is placed and in which the temperature (identical to that of the container) and the water vapor concentration of the gaseous atmosphere are controlled.
The water vapor concentrations straight through the wood sample being constant, a stationary water flow appears in the sample. This one is deduced from the mass variation of the container according to time. Knowing the water flux transferred, is equal to the sum of the transferred fluxes in the form of water vapor and bound water and the water vapor diffusivity, it is then possible to estimate the apparent diffusivity of bound water and the water fluxes transferred in the two forms. where Q 1E and Q 1S represent the volumetric flows at the entrance and the exit of compartment 1. Compartment 1 is supplied by pure helium C 1E and C 1S represent the molar concentrations of helium in the supplying and exit flows in compartment 1 C 2S represents the molar concentration of helium in the exit flow of compartment 2. Compartment 2 is supplied by pure nitrogen Plotting the first member of the relation (3) versus Q 1S -Q 1E , we must obtain a straight line passing through the origin whose slope allows to estimate D I . For instance, we plotted in figure 3 the results for the sample 3352B and we see that the relation (3) is quite well verified. In batch system, the modelling of the diffusion cell in the absence of a total pressure difference between the two compartments leads to the relation ( Plotting the first member of the relation (4) versus time, we must obtain a straight line passing through the origin whose slope allows to estimate D I . For instance, we plotted in figure 4 the results obtained for the sample H13R and we see that the relation (4) is quite well verified. We point out that each point of figures 3 and 4 corresponds to an independent experiment.
Figure 4:
The previous measurements permit to reach the values of the diffusivities for the eleven samples studied. From these values, we can deduce the diffusivities in relation to the water vapor applying the relation (2). At 30oC, the ratio D water-nitrogen /D helium-nitrogen evaluated with the help of the Fuller et al. relation, cited in the book of Reid et al.1997 , is equal to 0,367. The values of the apparent diffusivities for helium and for water vapor for all the samples studied are given in table 2.
Universidad del Bío -Bío Table 2 : Values of helium and water vapor apparent diffusivities For the two species, the diffusivities in the axial direction are clearly greater than the diffusivities in the tangential and radial directions, the latter being however not much different. The axial diffusivities of the two species are close but the tangential and radial diffusivities of beech are twice or three times greater than those of spruce. Then the differences of morphology appear rather on the values of the tangential and radial diffusivities. In the axial direction, the geometrical dimensions of the vessels and lumens of the fibers are such that we are dealing with a Fick diffusive transfer in an ensemble of open pores. Taking the value of the Fick's diffusion coefficient of the binary system water vapor-nitrogen at 30 o C into account, let D water-nitrogen = 27.10 -6 m2/s and the values of the mean porosity of the beech sample HL11 (ε = 0,476) and spruce sample 3352B (ε = 0,624), the relation (1) permits to estimate a tortuosity factor. We find :
For the sample HL11 : τ = 3,9
For the sample 3352B : τ = 5,0
The values found for the tortuosity factor are similar with those observed for the porous catalyst pellets. The values of the diffusivities in the tangential and radial directions are much weaker because the gaseous solute must go through the cellular walls and follow the rays that are less permeable.
The modelling of the water transfer in the sample in the steady-state leads to the following expression for the transferred mass flow (Mouchot and Zoulalian 2003):
where ρ 1 and ρ 2 represent the volumetric mass of the vapor water straight through the sample and x 1 and x 2 the absolute moisture of wood in equilibrium with the volumetric mass of water vapor in gas phase ρ 1 and ρ 2 .
The experiments are done at 35 o C in conditions where the relative air moisture in the container is about 75% and that of the cell is about 40%. In these conditions, the values of water vapor volumetric mass ρ 1 and ρ 2 and the absolute moistures x 1 and x 2 are respectively equal to : ρ 1 = 2,904.10 -2 kg/m 3 ρ 2 = 1,549.10 -2 kg/m
In the relation (5), the first term represents the water mass flux transferred in the gaseous phase and the second term the water mass flux transferred in the adsorbed phase. The total water mass flux transferred in the sample is obtained with the variation of the container mass carrying the sample In the steadystate, this mass variation must be linear, that is well verified, for instance in the figure 5 for the beech sample HL11. Similar results are obtained for all samples. Knowing Φ (= -dm/dt), ρ 1 , ρ 2 , x 1 , x 2 , S, e and D V , the relation (5) permits to evaluate the diffusivity of the bound water D A and to quantify the water fluxes transferred in the sample in the gaseous and adsorbed forms. The results obtained are listed in table 3.
Table 3: Diffusivities and water transfers given for measurements in vapometer
The diffusivity values for bound water are lower than those for water vapor, that is logical insofar as such that the physical state of the bound water is closer to the liquid state than to the gaseous state. The diffusivities in the axial direction are greater than those in the tangential and radial directions but the ratio between the axial and the tangential or radial diffusivities is lower than the ratio observed for the diffusivities in the gaseous phase. We can notice that the diffusivities in the tangential direction are lower than those in the radial direction. The presence of the rays is probably at the origin of the increase of the radial diffusivity compared to the tangential diffusivity.
The results were more interesting concerning the water fluxes transferred. For beech in the axial direction, the water flux is mainly transferred in the gaseous phase. In the tangential and radial directions, the percent of water fluxes transferred in the gaseous phase are lower (30% in the tangential direction and between 10 and 15% in the radial direction), but they are not negligible. For spruce, the water flow transferred in the gaseous phase remains high in the axial direction. On the other hand, in the tangential and radial directions, they are almost negligible. In these conditions, the diffusive transport of water is mainly done in the adsorbed form.
It can also be noticed that the diffusivities of the bound water for spruce are, whatever the considered direction may be greater than the diffusivities of the bound water observed for beech samples. The moisture of the two species being identical (same ratio water mass/mass of dry wood), these differences are allocated to the morphology's difference of the two species, but at this stage it is difficult to suggest a scientific explication taking into account the observed variations. It will be necessary to measure again the bound water diffusivities of several wood species in order to verify a possible correlation between the wood anatomy and the values of water diffusivities in gaseous and adsorbed phases.
The measurements of the transfer in the vapometer can be used too to evaluate a global apparent diffusivity of water, not distinguishing the water vapor and bound water.
Two diffusivities can be deduced depending on whether driving force is considered ρ 1 -ρ 2 or x 1 -x 2 . They are defined by the following relations : (6) Finally, we have shown that the use of the value of the diffusivity D ** does not provide the mass variations of the samples during transitive experiments of adsorption or desorption. The observed differences are probably due to the non thermodynamic equilibrium between the water vapor and the bound water. We report however that the values of D * and D ** are quite compatible with the values reported in the literature using the experimental device of the vapometer (Perré et al 1996 , Perré 1996 , Choong 1965 , Siau and Babiak 1983 . 
CONCLUSIONS
For beech and spruces species, we have determined the diffusivities of water vapor and bound water in the three orthotropic directions of wood and specified for each direction the transfer part in gaseous phase and in adsorbed phase. For beech, the transferred flux in the gaseous phase is predominant in the axial direction and it exists in the tangential and radial directions. For spruce, the transferred flux in the gaseous phase represents 40% of the total flux in the axial direction, but in the radial and tangential directions, water is transferred mainly in the adsorbed form.
The morphology of the species plays an important role on the values of the diffusivities in gaseous phase and adsorbed phase, but its influence on the diffusivities in gaseous phase could be very different and even opposite to the diffusivities observed for the bound water. Finally, to better determine the probable relations between the morphology of the species and the values of the diffusivities in gaseous and adsorbed phase, it is necessary to carry out new experiments on species whose morphologies are different from those of the two studied species. For the diffusivities of water in the adsorbed phase, it is also necessary to plan some measurements in variable wood moisture range, in order to specify the possible variation of the diffusivities versus wood moisture.
